We have applied a genetic algorithm to generate optimal polarimeter designs for a selected wavelength interval, assuming known dispersion relations of the components. Our results are improvements on previous patented designs based on ferroelectric liquid crystals.
INTRODUCTION
Vision is perhaps the most important sense we have, and light is widely used for measurement and detection in science and technology. Techniques based on light usually have the advantages of being non-destructive and non-invasive, and have the possibility of performing measurements at high speed and large (even astronomical) distances. Unfortunately, the human eye and many measurement techniques are only able to detect the intensity of light. As light consists of oscillating electric and magnetic fields, it is a vectorial quantity. The orientation properties of these fields is referred to as the polarization of the light. A polarimeter is an instrument that measures the polarization of light to gain additional information. Such instruments are applied in a wide range of fields: from astronomy to characterization of semiconductor components, remote sensing, and medical diagnostics.
Any polarization state of light can be described by a 4 element Stokes vector, S [2] . A Stokes polarimeter measure these elements by using optical components such as a linear polarizer and e.g. ferroelectric liquid crystals (FLC) to measure the intensity of light projected along different Copyright is held by the author/owner(s). GECCO'11, July 12-16, 2011, Dublin, Ireland. ACM 978-1-4503-0690-4/11/07. polarization states. For dispersive optical components, optimal projection states can only be achieved for a single wavelength. Finding the optimal polarimeter operating over a broad spectrum of wavelengths turns out to be a challenging optimization problem, well suited for genetic algorithms (GA). The change of a polarization state can be described by a 4 × 4 transformation matrix called a Mueller matrix, connecting an incoming Stokes vector to an outgoing Stokes vector, Sout = MSin. The Mueller matrix can describe the effect of any linear interaction of light with a sample or an optical element. Polarization effects contained in a Mueller matrix could be diattenuation, retardance, and depolarization. Due to dispersion the Mueller matrix will in general be wavelength dependent.
The measured intensities of a polarimetric measurement are arranged into a vector b, and is related to the unknown Stokes vector S through b = AS, where A is a system matrix, which can be found from the Mueller matrices of the components. The unknown Stokes vector can then be found by inverting A, S = A −1 b. The noise in the intensity measurements b will be amplified by the condition number (κ) of A in the inversion. Therefore κ should be as small as possible [4] . The condition number of A is given as κ = A A −1 , which for the 2-norm equals the ratio of the largest to the smallest singular value. The best condition number that can be achieved for a polarimeter is κ = √ 3 [4] . If more than 4 measurements are performed, A will not be square, and the Moore-Penrose pseudoinverse is used to invert A.
To evaluate the performance of a polarimeter design, we compare the inverse condition number to the theoretically optimal value (1/ √ 3). We define an fitness function (f ) as
We take κ −1 − 1/ √ 3 to the 4th power to punish unwanted peaks in κ more severely.
While the GA is able to handle any kind of optical components, we focus on systems based on FLCs as polarization modulators, with fixed waveplates "sandwiched" between them to increase the condition number. The design we set out to find was one based on three FLC retarders and three fixed waveplates. Each FLC has two variables, namely its thickness and its orientation angle. The same is true for the fixed waveplates. This yields a 12-dimensional search space: six components with two variables each. Inverse condition number (κ −1 (λ)) for a GA-generated and a previously patented design [1] .
In our GA we represent polarimeter designs using a traditional binary genome. Each component is assigned a number of bits for the orientation angle and a number of bits for its thickness. Given these parameters the condition number κ of the system matrix A can be determined [3] .
The genetic operator that was used for mutation was the simple bit-flip operator. The mutation rate per individual was typically set to 0.2 per generation. Crossover was performed by standard multi-point crossover. Experience indicates that two crossover points combined with a crossover rate of 0.7 gives the best convergence performance. The selection protocol we used was tournament selection with K = 4 individuals in the tournament pool and ε = 0.3 probability of an "underdog" selection. The elitism rate was set to 1 individual per generation. A population of 500 individuals evolving over 600 generations was used. Several equivalent simulation runs were performed with different initializations of the random number generator.
RESULTS
The best polarimeter design found by GA is shown in Figure 2 . For comparison with previous designs, we also show a recently patented design. Both designs are based on three FLCs. The new design is useful over a broader spectral range and has lower noise amplification due to a lower condition number. The condition number is improved Figure 3 : Fitness landscape around the optimal value for the GA-generated design. θ1 and θ2 are the orientation angles of two of the components.
by up to a factor of 2, which means the noise amplification can be reduced by a factor of 2.
One can get an impression of how complex the fitness landscape is from Figure 3 , where a plot of f depending on 2 of the 12 parameters are shown.
In conclusion, the use of GA allows for quick generation of good polarimeter designs. The generated designs outperform previously published and patented designs.
